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Resistant Starch and Starch Thermal Characteristics in Exotic Corn Lines 
Grown in Temperate and Tropical Environments 
Linda M. Pollak,1,2 M. Paul Scott,1 and Susan A. Duvick1 
 ABSTRACT Cereal Chem. 88(5):435–440 
Corn as a food that is heated and cooled to allow starch retrogradation 
has higher levels of resistant starch (RS). Increasing the amount of RS 
can make corn an even healthier food and may be accomplished by breed-
ing and selection, especially by using exotic germplasm. Sixty breeding 
lines of introgressed exotic germplasm backgrounds, selected for high 
yield, were grown in three tropical and temperate locations and analyzed 
for starch thermal characteristics and RS levels. Although actual values 
for all starch characteristics were within normal levels, most characteris-
tics had significant genotypic effects, and all had significant location 
effects. Thermal properties of retrograded starch were more influenced by 
the environment than the thermal properties of raw starch, making retro-
graded starch traits more heritable than raw starch traits. This suggests 
that a breeding strategy based on retrograded starch traits will have a 
better chance of success than a breeding strategy based on raw starch 
traits. A significant genotype effect for RS levels indicates that genotypic 
selection to raise the level of RS and increase the healthful aspects of 
corn food should be successful. Significant location effects indicate that 
breeders using winter nurseries to accelerate their breeding progress need 
to be careful when making selections using RS data collected on seed 
grown in the tropics. A small but highly significant correlation between 
RS and some thermal characteristics, especially percentage of retrograda-
tion, indicates that we may be able to select promising genotypes for RS 
selection based on our extensive database of thermal characteristics col-
lected on a wide number of diverse corn lines. 
 
Corn starch is the major raw material for a wide range of indus-
trial and food uses. Exotic maize germplasm may be an excellent 
source of improved quality because much of the corn grown out-
side the United States is consumed directly by humans and has 
undergone centuries of selection for flavors, aromas, and textures 
(Tracy 1990). Studies indicate that significant variability for qual-
ity traits is present in corn genetic resources (Pollak 2003). The 
Latin American Maize Project (LAMP) evaluated over 12,000 
accessions for grain yield and agronomic data (Salhuana and 
Pollak 2006). Along with the agronomic evaluations, many acces-
sions and related breeding materials have been analyzed for starch 
traits (White et al 1990; Campbell et al 1995, 1996, 2002; Ng et al 
1997; Pollak and White 1997). These studies indicated great 
potential for improving adapted corn for these traits by introgress-
ing exotic materials. The U.S. successor to LAMP, Germplasm 
Enhancement of Maize (GEM) (Pollak 2003; Salhuana and Pollak 
2006), enhances useful exotic germplasm to diversify the U.S. 
hybrid corn germplasm base. This germplasm also provides 
opportunity to impact starch traits (Singh et al 2001a, 2001b, 
2001c; Campbell et al 2002; Ji et al 2004; Lenihan et al 2005; 
Taboada-Gaytan et al 2009, 2010a, 2010b; Rohlfing et al 2010). 
Genetic background has substantial effects on the characteris-
tics of starch that are attributable to changes in granule-size 
distribution (Katz et al 1993; Campbell et al 1996), chemical 
structure (Lim et al 1994), crystallinity (Stering 1962), organiza-
tion of the molecules within the granule (Shannon and Garwood 
1984), and molecular structure of the starch polymers (Sanders et 
al 1990; Jane et al 1999). Research that examines how thermal 
properties of starch as measured by differential scanning calo-
rimetry (DSC) relate to structural and functional characteristics 
of the starch is summarized by White (1994). A characteristic 
measured by DSC, percentage of retrogradation (retrogradation 
enthalpy divided by gelatinization enthalpy), may indicate more 
resistant starch (RS) because during retrogradation a fraction of 
the starch becomes resistant to enzymes; it is known as type 3 or 
RS3 (Eerlingen and Delcour 1995; Haralampu 2000). RS, 
considered to function as a dietary fiber, is defined as the fraction 
of dietary starch that escapes digestion in the small intestine 
because it is indigestible to the body’s enzymes (Sajilata et al 
2006). Other starches are resistant because of the surrounding 
food matrix (RS1), are present in ungelatinized, raw starches 
(RS2), or are altered by chemistry (RS4). 
Studies reviewed by Plate and Gallaher (2005) show that corn 
as a food has many health benefits by having a lower glycemic 
index (GI) and higher levels of phytochemicals than other widely 
consumed grains. Those foods made with high-amylose corn and 
foods that are heated and cooled to allow starch retrogradation, 
in other words corn foods with higher levels of RS, have espe-
cially low GI. We have a large database of information about the 
thermal properties of corn germplasm that was collected using 
DSC. Information about how thermal properties of starch from 
DSC relates to starch digestibility would allow us to use data 
from our screening evaluation to classify germplasm into catego-
ries that would promote use in applications that require either 
increased or decreased starch digestibility. Foods with higher 
levels of RS and corn with increased ethanol conversion are two 
of these applications. 
A previous study examined measurements of RS with thermal 
starch characteristics in our new breeding lines that were selected 
for higher levels of RS and crossed with high-amylose and other 
endosperm mutants (Rolfing et al 2010). In this study, our objec-
tives were to examine RS and thermal starch characteristics in a 
set of adapted × exotic corn lines selected for high yield and to 
characterize the environmental effect on these characteristics. 
MATERIALS AND METHODS 
Genetic Material 
According to GEM protocol (Pollak 2003), exotic proprietary 
breeding crosses were made in winter nurseries in 1994–1995 
with the Chilean accession CHZM 05 015 (PI 467165) by partici-
pating companies coded as 12 and 15, using their non-Stiff Stalk 
inbred lines (denoted CH05015:N12 and CH05015:N15, respec-
tively). In a nursery near Ames, IA, in 1995 and 1996, the GEM 
breeding protocol was continued by selecting lines with the best 
* The e-Xtra logo stands for “electronic extra” and indicates that Supplementary 
Table I appears online. 
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agronomic traits. S1 lines (981 and 770, respectively) were made 
in CH05015:N12 and CH05015:N15 and then advanced and se-
lected to S2 lines (203 and 154, respectively) in 1996 near Ames. 
Following GEM protocol, the S2 lines were crossed to two com-
mercial tester lines in a winter isolation near Ponce, PR, and the 
resulting F1 hybrids were evaluated with check hybrids in yield 
tests using one replication in four to six Corn Belt locations in 
1997. Selected high-yielding lines (14 from CH05015:N15 and 30 
from CH05015:N12) were advanced to S3 bulks in a nursery near 
Ames in 1998. These 44 lines were evaluated in this study. In 
addition, 16 lines developed using the same protocol from breed-
ing crosses using tropical germplasm from Florida, Cuba, Mexico, 
Uruguay, and the Dominican Republic, and a tropical commercial 
hybrid was evaluated as well, bringing the total number of lines in 
the experiment to 60 (Table I). 
Grain Production 
Increases of S3 bulks described above were produced in Hawaii 
in the winter of 1998–1999 and in Clinton, IL, and near Ponce, 
PR, in the summer of 1999 by self-pollination. At maturity, all the 
self-pollinated ears from a row (3.8 m long and 76 cm wide) were 
hand-harvested and dried to approximately 10% moisture content 
by circulating warm air at 38°C for 72 hr; diseased ears and those 
that set few kernels were discarded. Grain from normal ears was 
bulked by row after shelling and stored at 4°C until needed. 
Starch Extraction 
From each entry, starch was extracted using the bench-top wet-
milling procedure. Ten kernels from each ear were individually 
steeped and ground for starch extraction as follows. Each kernel 
was placed in a 10-mL screw-cap vial with a Teflon-lined lid, and 
5 mL of 0.45% sodium metabisulfite in water was added, and the 
samples were steeped in a 50°C water bath for 48 hr. The samples 
were rinsed, and the pericarp and germ were manually removed 
and discarded. The remaining endosperm was placed in a 50-mL 
polypropylene centrifuge tube, and 30 mL of water was added. 
The samples were ground in the tube using a Polytron tissuemizer 
(Polytron PT-MR 3100, Kinematica AG, Littau, Switzerland) with 
a dual-blade probe (PT 3100, Polytron, Kinematica). The ground 
sample was filtered through 30-µm nylon mesh with sufficient 
amounts of water to rinse the starch through the filter. The starch 
slurry was placed in the refrigerator for 2 hr at 4°C. The liquid 
upper phase was then decanted, and the remaining starch was 
retained. The samples were washed three times. The starch was 
then air dried at room temperature. 
The starch thermal analysis was conducted using the method of 
White et al (1990) with modifications by Krieger et al (1997). 
Briefly, starch (4 mg, dwb) was weighed in aluminum pans, 8 µL 
of distilled water was added, and the pan was sealed with a crim-
per press. Pans were added to the Diamond DSC equipped with 
Intercooler 2P (Perkin-Elmer, Norwalk, CT) by using an autosam-
pler. Once the pans entered the DSC oven, they were scanned 
from 23 to 110°C at 10°C per min. Data was then analyzed with 
Pyris Step Scan software (v.3.7, Perkin-Elmer, Norwalk, CT). All 
analyses for each replicate were conducted twice, and the aver-
ages were computed. Onset temperature (Tog), peak temperature 
(Tpg), change in enthalpy (Hg), and temperature range over 
which gelatinization occurred (Rng) were computed for the initial 
gelatinization. The gelatinized pans were stored for seven days at 
4°C and rescanned to determine retrogradation by using the same 
program as for gelatinization but scanning from 30 to 90°C and 
measuring retrogradation onset temperature (Tor), retrogradation 
peak temperature (Tpr), change in enthalpy of retrogradation (Hr) 
and temperature range over which gelatinization of retrograded 
starch occurred (Rnr) (White et al 1989). The percent of 
retrogradation (%R) is the Hr divided by the Hg. 
RS Assay 
Megazyme’s RS kit (K-RSTAR, Megazyme International, Bray, 
Ireland) was used with modifications. Ten milligrams of sample 
was weighed into 1.2-mL strip tubes. Four hundred microliters of 
pancreatic -amylase containing amyloglucosidase (AMG) was 
added to each tube, which was incubated at 37°C in a shaking 
incubator for 16 hr. Four hundred microliters of ethanol (99%) 
was added, and the tubes were centrifuged at 3,000 rpm for 10 
min (noncapped). Eighty microliters of supernatant was set aside 
for solubilized starch analysis. The pellets were resuspended in 
800 µL of 50% ethanol and then vortexed and centrifuged again at 
3,000 rpm for 10 min, with 80 µL of supernatant again set aside 
for solubilized starch analysis. This step was repeated once. 
RS was measured by adding a stir bar to each tube and 200 µL 
of 2M KOH. Pellets were resuspended by stirring for 20 min in 
an ice/water bath. Eight hundred microliters of 1.2M sodium ace-
tate buffer was added while stirring, and then 10 µL of AMG 
(high concentration) was immediately added. Tubes were placed 
in a water bath at 50°C and incubated 30 min. Tubes were centri-
fuged at 3,000 rpm for 10 min. Ten microliters of sample was 
diluted in 90 µL of water. Five microliters of supernatant was then 
transferred to a flat-bottomed 96-well plate, treated with 150 µL 
of GOPOD (glucose oxidase/peroxidase) reagent, and incubated 
at 50°C for 20 min. A reagent blank was prepared by mixing 5 µL 
of sodium acetate buffer and 150 µL GOPOD. The glucose con-
trol is 5 µL of standard (5 µg) and 150 µL of GOPOD done in 
quadruplicate. Absorbance was measured at 510 nm in a plate 
reader. 
Non-RS was measured by combining the saved supernatants 
and adjusting the volume to 1 mL by adding 760 µL of H2O. Five-
microliter aliquots of this were incubated with 150 µL of GOPOD 
for 20 min at 50°C. A reagent blank was included, as with the RS 
samples, and measured at 510 nm. 
The starch values were determined by the following equations: 
 
RS (g/100 g) = E × F/W × 185.4 
 
N-RS (g/100 g) = E × F/W × 180 
 
where F is µg of glucose standard divided by its absorbance, E 
is the absorbance of the sample, and W is the mass of the sample. 
Statistical Analysis 
Lines or genotypes were considered fixed effects and locations 
random factors. Analysis of variance (SAS Institute, Cary, NC) 
was used to estimate the effect of each of the terms in the follow-
ing model:  
 
Y = Mean + Location + Genotype + Error 
 
where Y is the observed value, Mean is the mean of the ob-
served values in the experiment, Location is the effect of loca-
tion, and Genotype is the effect of the genotype. Least squares 
TABLE I 
Germplasm Used in This Study 
Familya Number of Entries Comments 
CH05015:N12 30 Chile 
CH05015:N15 14 Chile 
CHIS775:S191 1 Chile 
CUBA164:S200 2 Cuba 
DK212T:S0610 1 Tropical commercial hybrid 
DKXL370:N11a 2 Brazil 
DREP150:N201 1 Dominican Republic 
FS8B(T):N180 4 Florida 
UR13085:N021 5 Uruguay 
a Families are indicated in the format of Latin American Maize Project acces-
sion: elite Corn Belt parent. S and N indicate whether the elite parent is from
the Stiff Stalk or non-Stiff Stalk heterotic group. 
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mean values were predicted for each pedigree and used for the 
correlation analysis. 
RS was analyzed using the following model:  
 
Y = Mean + Genotype + Rep + Strip + Row + Weight + Location 
 
where Y is the observed value, Mean is the mean of the observed 
values in the experiment, Genotype is the effect of the genotype, 
Rep is the effect of replication of the RS assay, Strip is the effect 
of the strip tube used in the RS assay, Row is the effect of the row 
in the 96-well plate used in the RS assay, Weight is a covariate 
expressing the actual weight of sample in the RS assay (we used 
approximately 10 mg of sample per assay, but the actual values 
varied from 9.0 to 13.1), and Location is the effect of the location 
where the experimental sample was grown. Least squares mean 
values for each genotype were estimated and used in the correla-
tion analysis. 
Mean values of each trait for each family were determined by 
first performing one-way analysis of variance by family. For traits 
with significant (P < 0.05) variation in the F test, significant 
differences were identified by pairwise t-tests among family 
members. Means and t-test results are reported in Table II.  
RESULTS AND DISCUSSION 
Two Principal Components Capture Most of the Variation 
in Starch Thermal Properties 
In our thermal analysis of starch by DSC, we extract nine traits 
for each starch sample. Four of these traits describe the shape of 
the thermogram obtained on raw starch (Tog, Tpg, Hg, and Rng), 
and four of these traits describe the shape of the thermogram on 
retrograded starch (Tor, Tpr, Hr, and Rnr). The remaining trait 
(%R) is a comparison of the areas of the thermograms. The 
individual traits can be interpreted in terms of starch structure. 
For example, the temperature range of the thermogram (Rn) re-
flects the heterogeneity of the starch in the sample, whereas the 
area under the thermogram (H) reflects the crystallinity of the 
sample. The onset (To) and peak (Tp) temperatures provide addi-
tional information about the shape and position of the thermo-
gram peak. Thus, the shape, size, and position of the thermogram 
are reflections of starch structure, and the different traits we use to 
describe the thermogram are reflections of this structure as well. 
Unfortunately, a direct correspondence between a given thermo-
gram trait and a specific aspect of starch structure is lacking, and 
our traits have different degrees of relatedness derived in part 
from mathematical relationships between them. For example, the 
area under the thermogram (H) is related to the temperature 
range of the thermogram (Rn). In an effort to extract the informa-
tion related to starch structure from the DSC data, we carried out 
principal component analysis on all of the DSC traits. The first 
two principal components (PC1 and PC2) explained 39 and 32% 
of the variation, respectively, while the next principal component 
(PC3) explained only 11% of the variation. PC1 was influenced 
more by the raw starch gelatinization traits than the traits meas-
ured on retrograded starch, whereas PC2 was influenced strongly 
by the retrograded starch traits and to a lesser extent by the raw 
starch traits (Fig. 1). The relatively poor alignment of raw starch 
traits with either of the first two principal components suggests 
that relationships among these traits due to underlying starch 
structure are weak compared with relationships due to other 
sources of variation. 
Fig. 1. Principal component analysis of differential scanning calorimetry
(DSC) traits. PC1 = principal component 1 and PC2 = principal compo-
nent 2. Endpoints of the eigenvectors for each DSC trait are indicated by
the trait name: ToG = temperature of the onset of gelatinization of raw 
starch, ToR = temperature of the onset of gelatinization of retrograded 
starch, TpG = peak temperature of gelatinization of raw starch, TpR = 
peak temperature of gelatinization of retrograded starch, DHG = enthalpy 
of gelatinization of raw starch, DHR = enthalpy of gelatinization of retro-
graded starch, RnG = temperature range over which raw starch gelati-
nizes, RnR = temperature range over which retrograded starch gelati-
nizes, and %R = percentage of the starch undergoing retrogradation.
Mean values for each location (Illinois, Hawaii, and Puerto Rico) are
shown in large bold print. Mean values for each genotype are numbered 
in the order used in Table I: 1 = CH05015:N12; 2 = CH05015:N15; 3 = 
CHIS775:S191; 4 = CUBA164:S200; 5 = DK212T:S0610; 6 =
DKXL370:N11a; 7 = DREP150:N201; 8 = FS8B(T):N180; and 9 =
UR13085:N021. 
TABLE II
Summary by Family of Mean Values of Traits with Significant Variationa 
Family Tor (°C) Tpr (°C) Rng (°C) Rnr (°C) %R %RS PC2 
CH05015:N12 41.99ab 53.22a 7.25bc 22.40a 51a 9.40a 0.10b 
CH05015:N15 42.33a 52.97ab 6.41e 21.17b 46ab 8.41ab 1.04a 
CHIS775:S191 40.60abc 51.61abc 7.14bcde 22.01ab 54a 6.78abc –1.49bc 
CUBA164:S200 39.91c 51.46c 6.31cde 23.10a 54a 8.74abc –1.67c 
DK212T:S0610 41.06abc 52.09abc 5.71de 22.07ab 50ab 5.55abc 0.39abc 
DKXL370:N11a 40.71c 52.20abc 7.87ab 22.99a 54a 7.74abc –1.55c 
DREP150:N201 40.87bc 51.82bc 9.31a 21.91ab 49ab 8.60abc –1.10bc 
FS8B(T):N180 40.97c 52.21bc 7.88b 22.47a 51a 7.25bc –0.87bc 
UR13085:N021 40.84c 52.13c 7.16bcd 22.59a 52a 6.46c –1.04c 
a Tor = temperature of the onset of gelatinization of retrograded starch Tpr = peak temperature of gelatinization of retrograded starch Rng = temperature range over which 
raw starch gelatinizes Rnr = temperature range over which retrograded starch gelatinizes %R = percentage of the starch undergoing retrogradation %RS = percentage
of resistant starch PC2 = principal component 2. Families containing the same letter are not significantly different for the trait listed in the column heading. 
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Significant Variation Exists Among Genotypes  
and Locations for Most Traits 
Significant differences were found for genotype effect for all 
starch variables in this study except for the DSC variables of on-
set temperature of retrograded starch and the temperature range of 
gelatinization of retrograded starch (Table III). The highly signifi-
cant effects of genotype for %RS indicate that within this set of 
mostly related breeding lines selected for high yield, there is 
enough variability for RS that genetic selection for higher values 
of this characteristic may be possible. Lines with high levels of 
RS in nonmutant backgrounds could lead to higher-yielding hy-
brids than those made using lines in mutant backgrounds, which 
are also associated with lower yield and agronomic problems. 
Location effects were significant for all starch variables 
(Table III). This means that there will likely be environmental 
effects on specialty starches, including amounts of RS, when 
hybrids are commercialized for these characteristics. This result 
makes sense because it has been shown that location affects 
starch structure in rice (Aboubacar et al 2006), and in maize it 
has been shown that the temperature of the ear during develop-
ment affects starch structure and gelatinization properties (Lu et 
al 1996). Although we did not monitor the growth temperature 
of our field trials, it is likely that there were temperature differ-
ences between our locations. Because our locations included 
tropical locations in Hawaii and Puerto Rico, where many breed-
ing programs operate winter nurseries, as well as a temperate 
location in the Corn Belt, where commercial specialty starch 
grain would likely be produced, we can infer that breeders need 
to be careful when making starch selections on lines returning 
from advancement in a winter nursery. 
Heritability values for %RS are higher than those for most DSC 
characteristics, especially higher than for %R, a measure of R3 
(Table III). This is another encouraging indication that selection 
for higher RS levels may be possible in nonmutant and high-
yielding germplasm. 
We next examined the influence of environment and genotype 
on the first two principal components described earlier. PC1 ex-
plains the variation in locations well, whereas PC2 explains the 
variation in genotypes well. The alignment of PC2 with both 
retrogradation traits and genotypes suggests that retrogradation 
traits have a relatively high degree of genetic control. This is con-
sistent with the observation that the retrogradation heritabilities 
reported in Table III tend to be higher than the heritabilities re-
ported for raw starch traits. It is reasonable that gelatinized starch 
traits are more heritable than raw starch traits because raw starch 
is formed under the influence of the field environment and, while 
the genetically controlled chemical linkages are the same as in the 
raw starch, the process of retrogradation occurs in a controlled 
environment. 
Correlation of Starch Thermal Properties with RS 
Correlation coefficients among the DSC and RS characteristics 
show that both RS and %RS are correlated with the DSC charac-
teristics onset temperature of gelatinization (Tog) and change in 
enthalpy for retrogradation (Hr) (Table IV). Although significant 
and, in most cases, highly significant, correlation coefficients are 
not high. However, these correlations may be significant enough 
to use in selecting genotypes for a breeding program from our 
large database of DSC analyses on high-yielding breeding lines. 
It is reasonable to expect correlations between thermal proper-
ties measured by DSC and RS because both traits are influenced 
by the degree of crystallinity of the starch. Rohlfing et al (2010) 
found correlation between peak temperature of gelatinization 
(Tpg) and RS, attributing the correlation to the presence of RS2 
that would delay gelatinization. RS measured by the Megazyme 
RS kit is RS2 because the starch used in the analysis is not gelati-
nized, so our positive correlation between RS and Tog would have 
a similar explanation. Rohlfing et al (2010) found a correlation 
between their measurement of RS2 and Hg but were unable to 
TABLE IV
Pearson Product-Moment Correlations for All Variables in the Studya 
 Tog (°C) Tor (°C) Tpg (°C) Tpr (°C) Hg Hr Rng Rnr %R %RS PC1 PC2 
Tog (°C) 1.000 0.067 0.895** 0.215** 0.806** 0.539** –0.556** 0.199* 0.182* 0.176* 0.867** 0.390** 
Tor (°C) … 1.000 –0.075 0.819** 0.266** –0.434** –0.288** –0.398** –0.640** 0.050 –0.248** 0.880** 
Tpg (°C) … … 1.000 0.115 0.718** 0.640** –0.126 0.293** 0.347** 0.245** 0.889** 0.147 
Tpr (°C) … … … 1.000 0.402** –0.169* –0.263** 0.180* –0.420** 0.129 0.058 0.784** Hg … … … … 1.000 0.451** –0.454** 0.144 –0.024 0.153 0.734** 0.547** 
Hr … … … … … 1.000 –0.006 0.440** 0.880** 0.237** 0.863** –0.365** 
Rng … … … … … … 1.000 0.102 0.241** 0.064 –0.270** –0.593** 
Rnr … … … … … … … 1.000 0.412** 0.136 0.488** –0.271** 
%R … … … … … … … … 1.000 0.182* 0.582** –0.707** 
%RS … … … … … … … … … 1.000 0.236** 0.015 
PC1 … … … … … … … … … … 1.000 0.000 
PC2 … … … … … … … … … … … 1.000 
a Tog = temperature of the onset of gelatinization of raw starch, Tor = temperature of the onset of gelatinization of retrograded starch, Tpg = peak temperature of 
gelatinization of raw starch, Tpr = peak temperature of gelatinization of retrograded starch, Hg = enthalpy of gelatinization of raw starch, Hr = enthalpy of 
gelatinization of retrograded starch, Rng = temperature range over which raw starch gelatinizes, Rnr = temperature range over which retrograded starch 
gelatinizes, %R = percentage of the starch undergoing retrogradation, %RS = percentage of resistant starch, PC1 = principal component 1, PC2 = principal
component 2, * and ** indicate statistical significance at 0.05 and 0.01 probability levels, respectively. %RS values used were least squares means derived from a
fixed effects model that corrected for variation due to laboratory measurement effects. 
TABLE III 
Analysis of Variance of Starch Traits for Lines in the Study 
Traitsa Genotypeb Locationb H2c Model R2d 
%RS <0.0001 <0.0001 0.612 0.70 
Tog (°C) <0.0001 <0.0001 0.296 0.87 
Tor (°C) NS 0.0157 0.467 0.51 
Tpg (°C) <0.0001 <0.0001 0.226 0.92 
Tpr (°C) 0.0289 <0.0001 0.433 0.59 Hg 0.0247 <0.0001 0.271 0.74 
Hr 0.0074 <0.0001 0.316 0.73 
Rng (°C) <0.0001 0.0007 0.580 0.65 
Rnr (°C) NS <0.0001 0.303 0.52 
%R <0.0001 0.0020 0.466 0.65 
a %RS = percentage of resistant starch, Tog = temperature of the onset of
gelatinization of raw starch, Tor = temperature of the onset of gelatinization
of retrograded starch, Tpg = peak temperature of gelatinization of raw starch,
Tpr = peak temperature of gelatinization of retrograded starch, Hg = en-
thalpy of gelatinization of raw starch, Hr = enthalpy of gelatinization of
retrograded starch, Rng = temperature range over which raw starch gelati-
nizes, Rnr = temperature range over which retrograded starch gelatinizes,
%R = percentage of the starch undergoing retrogradation. 
b Probability of significance for these effects. NS = not significant (any effect 
P > 0.05). 
c Genotype effect sum of squares divided by total sum of squares. 
d Determined by JMP (v. 8.0, SAS, Cary, NC) fixed effect model analysis. 
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explain its cause. Similarly, we observed a significant correlation 
between RS and Hr. Structural features of starch that influence 
retrogradation may also influence digestibility of starch. 
Most starch is eaten in gelatinized form, so our RS measure-
ments from the Megazyme RS kit do not necessarily reflect the 
amount of RS3 or the amount that would be available for eating. 
An indication of RS3 amount would likely be the %R values from 
DSC, which were within normal limits in our germplasm set 
(Supplementary Table I). Our positive correlations between RS 
and %R and between %RS and %R are encouraging in that they 
may indicate that an increase in RS2 may be correlated with an 
increase in RS3. Rohlfing et al (2010) did not find significant 
correlation between RS2 and %R in their set of mutant lines. 
Since the two principal components identified in this analysis 
represent a composite representation of complex DSC traits, we 
next examined whether these traits were superior to individual 
DSC traits for predicting content of RS. Correlations between RS 
and PC1 were similar to some DSC traits. Although PC1 reflects 
raw starch DSC traits to some extent, the strong influence of envi-
ronmental variation on PC1 probably reduces the correlation of 
PC1 with raw starch traits sufficiently to make it not useful for 
prediction of RS. PC2 is an even poorer predictor of RS than PC1. 
This is expected because PC2 reflects genotypic variation and 
retrograded starch traits well, but retrograded starch traits are 
poor predictors of RS. 
Thermal Starch Traits of Specific Genotypes 
Whereas our previous study included genotypes that were 
developed and selected for RS, and subsequently many had higher 
values for this characteristic (Rohlfing et al 2010), in this study 
we examined a set of nonmutant lines selected for high yield. 
Although partly of exotic origin and thus possibly having modify-
ing genes affecting RS, the lines were not expected to have un-
usual levels of RS and did not (Supplementary Table I). The 
germplasm used in Rohlfing et al (2010) also had higher variation 
in gelatinization and retrogradation profiles than did our germ-
plasm, which was also expected. Values for our lines for both 
gelatinization and retrogradation profiles were both within normal 
limits (Supplementary Table I). 
Significant variation was observed among families for Tor, Tpr, 
Rng, Rnr, %R, %RS, and PC2. The majority of these traits are re-
lated to retrograded starch, consistent with the observation that 
the environmental effect is smaller in traits measured on retro-
graded starch. The family CH05015:N12 was in the top signifi-
cance grouping for all traits measured on retrograded starch, 
whereas the families UR13085:N021 and FS8B(T):N180 ranked 
near the bottom (Table II). 
Two families, CH05015:N12 and CH05015:N15, both with 
relatively large numbers of entries (30 and 14, respectively) were 
derived from the same exotic LAMP accession, but the breeding 
cross was made with a different elite Corn Belt parent. These two 
families offer a good opportunity to compare the effect of the 
nonexotic parent of the breeding cross. The family means are 
significantly different for Tpg, Hg, Hr, Rnr, Rng, %R, PC1, and 
PC2. The N12 family mean is higher for all traits except PC2. 
These data illustrate that although exotic germplasm was used in 
this study, some of the variation observed was contributed by the 
Corn Belt-adapted lines used to make breeding crosses. 
CONCLUSIONS 
We evaluated high-yielding breeding lines selected for high 
yield grown in temperate and tropical locations for starch charac-
teristics by DSC and with the Megazyme RS kit. Values for our 
lines for both gelatinization and retrogradation profiles were both 
within normal limits (Supplementary Table I). Significant differ-
ences were found for genotype effect for most starch variables 
and for location effect for all starch variables. The significant 
genotype effects indicate that genetic selection for higher values 
of RS may be possible in nonmutant high-yielding lines. 
The significant location effects indicate that environment will 
likely affect specialty starches when bred and grown commer-
cially by amount or by function. Breeders will need to be careful 
if making selections coming from a winter nursery. Our positive 
correlations between RS and %R are encouraging in that they 
may indicate a correlation between RS2 and RS3. We may also be 
able to use DSC data to make selections for lines with higher RS 
levels. 
Thermal properties of retrograded starch were more heritable 
than thermal properties of raw starch. This observation suggests 
that the gain from breeding should be greater on traits measured 
on gelatinized starch because some of the environmental influ-
ence is removed by the process of gelatinization. 
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